We have proposed and successfully demonstrated a novel approach to direct conversion of mechanical energy into electrical energy using microfluidics. The method combines previously demonstrated reverse electrowetting on dielectric (REWOD) phenomenon with the fast selfoscillating process of bubble growth and collapse. Fast bubble dynamics, used in conjunction with REWOD, provides a possibility to increase the generated power density by over an order of magnitude, as compared to the REWOD alone. This energy conversion approach is particularly well suited for energy harvesting applications and can enable effective coupling to a broad array of mechanical systems including such ubiquitous but difficult to utilize low-frequency energy sources as human and machine motion. The method can be scaled from a single micro cell with 10 −6 W output to power cell arrays with a total power output in excess of 10 W. This makes the fabrication of small light-weight energy harvesting devices capable of producing a wide range of power outputs feasible.
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Maximum achievable power density represents one of the most important characteristics of the energy conversion method in many applications. In energy harvesting high power density (ether by volume or by area) is very desirable, as it enables the fabrication of smaller and lighter devices that can be coupled to a broad range of energy sources. Power generated using REWOD can be maximized by two main methods. One is to increase the energy produced during each droplet oscillation, most notably by increasing the applied bias voltage, or by increasing the capacitance of the liquid-solid interface. However, this approach has an obvious limitation as a higher capacitance requires a thinner dielectric film which, in turn, restricts the maximum bias voltage that can be applied across the interface without the risk of electrical breakdown.
The second approach is to increase the oscillation frequency of the droplet. This not only increases the total power by producing more energy generating events per unit time, but also increases the energy produced for each oscillation due to the dynamics of the electrical charge transfer during the REWOD process 2 . This change in energy per cycle as a function of frequency for a specific bias voltage is illustrated in Fig. 1(b) . Thus increasing the droplet oscillation frequency represents a particularly effective way to raise the power density generated by the REWOD. However, under regular circumstances, achieving a high droplet oscillation frequency requires an energy source capable of providing mechanical excitations with the comparably high frequency. Such sources of mechanical energy are not uncommon, with vibrations commonly generated by vehicles or operating machinery being a prime example. Unfortunately, a very broad range of potential mechanical energy sources ubiquitous in our environment is characterized by low to medium frequencies, from a fraction of a Hz to several Hz. Typical examples of these sources include human and machine motion, waves and tides, wind and temperature induced motion of building or other large structures, etc. All of those sources can generate high level of forces, and thus provide substantial mechanical power, but their characteristic frequency is too low to enable high energy harvesting power densities that the REWOD process is capable of achieving. One possible way to circumvent this issue is to utilize the energy harvesting approach that does not rely on the mechanical energy source to generate the required high frequency excitations but, instead, utilizes an internal fast oscillation process, which is independent from the mechanical energy source behavior. The challenge with this approach is to find a practical method of achieving such fast internal oscillation dynamics without resorting to complex mechanical or hydraulic systems. The "bubbler" method provides an elegant solution to this problem by combining the REWOD phenomenon with a high frequency oscillation process, naturally occurring during the bubble growth and collapse. This makes it well suited for extracting energy from a variety of mechanical energy sources characterized by a wide range of frequencies and allows one to dramatically increase the generated power, which is proportional to the product of the oscillation frequency and the energy produced during each oscillation.
Results
Bubbler concept. The bubbler conceptual design is very simple and is shown in Fig. 2 . The core of the bubbler contains no moving mechanical parts and consists of only three major elements: (i) a REWOD chip with an array of dielectric-coated circular electrodes, each electrode having a hole in the center, (ii) a thin membrane separated from the REWOD chip by a small gap, and (iii) a top plate, which serves to support the membrane and allows the dielectric fluid to escape. The gap between the REWOD chip and the membrane is filled with the conductive liquid, which does not wet the membrane and thus cannot penetrate it, as shown in Fig. 2(b) . A pressurized dielectric fluid (e.g. air, inert gas, or a dielectric liquid) is supplied through the holes in the chip, causing dielectric bubbles to grow on top of each circular electrode. The growing bubbles displace the conductive liquid and thus reduce the area of overlap between the conductive liquid and the electrodes, inducing electrical current in the circuit. Each bubble continues to grow until it becomes large enough to touch the membrane. At this point the dielectric fluid starts to escape through the membrane, causing a rapid bubble collapse. The frequency, with which the bubble growth and collapse process repeats itself, is controlled by the size of the gap between the membrane and the electrode, by the viscosities of the fluids, and by the pressures applied to the dielectric fluid and the conductive liquid. A video with the animation of the bubbler operation is provided in the Supplementary Materials (see Supplementary Video 1). A detailed description of the bubbler device fabrication is given in the Methods section.
The bubbler simple design allows it to be implemented in a wide variety of shapes and sizes, and the bubbler output power can be easily scaled by appropriately adjusting the size of the bubble array. The bubble self-oscillation occurs naturally as long as there is an external pressure applied to the energy harvesting device thus allowing effective coupling of the device to mechanical energy sources characterized by a very wide range of forces, displacements, and frequencies. This is particularly true for low-frequency energy sources, such as human, machine, or buildings motion. Very low frequencies (from several Hz to less than 1 Hz) typical for such motion can severely hamper energy harvesting by dramatically reducing the number of energy generating events per unit time. However, since the bubbler energy generating events frequency is determined by the frequency of the bubble self-oscillation, which is independent of the frequency associated with the energy source, the energy density of the bubbler method remains high.
For example, a simple bubbler device, which can be integrated into footwear to enable energy harvesting from human locomotion (about 1 Hz frequency) is shown in Fig. 3 . In this case the bubbler chip is located between two chambers filled with the pressurized gas. During the heel strike the top elastic chamber is compressed and the gas is displaced through the REWOD chip inducing many thousands of bubble oscillations, each of which converts a portion of mechanical energy of the heel strike into electrical energy. During the toe-off process the compressed gas flows from the bottom chamber back to the top chamber through an auxiliary bypass check valve completing the cycle. Estimations, as discussed below, show that such a device can generate about 1 W of usable electrical power. A similar device, which harvests energy from machine motion and is capable of generating over 5 W of power is discussed in Supplementary Material.
The oscillatory flow induced by the bubble growth and collapse process unavoidably causes mechanical energy dissipation due to viscous forces. This, in turn, affects the bubbler energy conversion efficiency. The rate of energy dissipation depends strongly on the details of the bubbler geometry. The major contributors are the gap thickness, the bubble size, and the inlet-hole diameter, as well as the fluid viscosity and the bubble oscillation frequency. Estimations, as discussed in the Results section, show that the energy conversion efficiency of the bubbler setup used in the current experiment is on the order of several percent. This, however, does not represent the intrinsic limitations of the technology, as the current experimental setup has not been optimized for efficiency. We also would like to note that in many situations the energy conversion efficiency is not the most important characteristic of the energy harvesting technology. Because for a wide range of applications the power absorbed by the harvester is much smaller than the power of the energy source itself, the behavior of the source is not influenced by the harvester in any appreciable way. Under such circumstances the most important characteristic of the harvesting technology is its power density as it directly determines the maximum power that can be generated by the harvester of a particular size. In view of this we have concentrated in this work on the investigation of the various parameters that affect the power density of the bubbler method, leaving investigation of the bubbler conversion efficiency for a separate work.
Theoretical model and experimental results.
The bubbler approach is predicated on the ability to achieve a stable and predictable bubble self-oscillation process. Thus we paid special attention to theoretical and experimental investigation of the bubble growth and collapse dynamics. To this end we combined experimental studies of the bubble behavior with the computational fluid dynamics (CFD) modeling of the bubble growth and collapse process. The laminar two phase flow CFD model was used to obtain the numerical solution for the fluid velocity distribution and the bubble interface dynamics. The dielectric fluid and the conductive liquid used in most of the simulations were air and mercury respectively. Our previous experiments 2 demonstrated that the REWOD process works best when room-temperature liquid metals are used as a conductive liquid. In particular, mercury and a gallium-indium alloy called Galinstan were shown to be well suited for use with REWOD 2 . In this work we utilized mercury due to its chemical stability and resistance to oxidation. In potential commercial applications mercury is undesirable due to its toxicity and the use of gallium-indium alloys might be preferred. The applied gauge pressures at the air inlet (i.e. the hole through the electrode) and at the mercury-filled gap between the electrode and the membrane were kept constant during the oscillation process. The simulation domain (electrode diameter) was varied between 1,000 μ m and 1,200 μ m. The diameter of the air inlet was varied between 140 μ m and 200 μ m. The gap between the electrode and the membrane was varied between 100 μ m and 130 μ m. The details of the CFD modeling procedure are available in the Supplementary Materials. The four major steps of the bubble oscillation process, which were observed in the model, are shown in Fig. 4(a-d) (also see Supplementary Video 2). At the beginning of the oscillation cycle the compressed air supplied through the inlet initiates the bubble growth (see Fig. 4(a) ), which continues until the bubble touches the membrane, breaking the remaining mercury film and causing it to rapidly retract towards the edge of the electrode, as shown in Fig. 4(b,c) . At this point the bubble takes the pancake shape and starts collapsing towards the center of the electrode, rapidly completing the self-oscillation cycle, as shown in Fig. 4(d) .
The typical results obtained by CFD modeling for the time dependence of the footprint area of the bubble are shown in Fig. 4(e) . The dependence of the bubble oscillation period and the maximum bubble expansion diameter on the size of the gap between the electrode and the membrane are shown in Fig. 5(c) and Fig. 5(b) respectively. The gap size exerts a profound influence on the bubble dynamics. As one can see from Fig. 5(b,c) the predicted bubble oscillation period appears to be a liner function of the gap size, while the predicted maximum bubble expansion diameter appear to be a quadratic function of the gap size. The dependence of the bubble oscillation period and the maximum bubble expansion diameter on the inlet cross-sectional area is shown in Fig. 5(a) . As one can see the predicted influence of the inlet cross-sectional area on the bubble oscillation dynamics is quite limited, as compared to the influence of the gap size. The predicted bubble oscillation period appears to be inversely proportional to the square root of the inlet cross-sectional area, i.e. inversely proportional to the inlet diameter. The predicted maximum bubble expansion diameter does not appear to show any obvious dependence on the inlet cross-sectional area.
The dependence of the bubble oscillation period on the mercury and air inlet pressures is shown in Fig. 5(d) . The mercury pressure controls the rate of the bubble collapse process, while the difference between the air pressure and the mercury pressure controls the rate of the bubble growth process. By increasing the air inlet pressure one can increase the bubble oscillation frequency, driving the oscillation period below 0.5 ms, which corresponds to the frequencies in excess of 2 kHz, as shown in Fig. 5(d) . The predictions of the CFD model were supported by the experimental measurements of the intensity of the light penetrating through the bubbler assembly. This simple method, the details of which are illustrated in Fig. 6 , allows experimental observation of the bubbler oscillation dynamics at high frequencies (see Supplementary Video 3). The observed light intensity is expected to scale linearly with the area of contact between the bubble and the membrane, as shown in Fig. 6(a-c) . The typical result for the air bubble self-oscillations are shown in Fig. 4(f) . As one can see the variation of the relative light intensity with time is in good qualitative agreement with the theoretical curve for the time dependence of the footprint area of the bubble, as shown in Fig. 4(e) . The experimentally obtained peaks of the light intensity have noticeable variability, which, in our opinion, can be attributed mainly to the random deviation of the bubble footprint shape from the ideal circle, caused by the occasional pining of the mercury contact line by the imperfections of the electrode surface. These deviations produce random variations in the bubble footprint area, which, in turn, result in the variation of the registered light intensity. In addition to that the model setup invariably includes some simplifying assumptions. In particular the calculated results for the bubble footprint area shown in Fig. 4(e) are based on the assumption that the air pressure inside the bubbler chip is equal to the air pressure in the air supply line, which might not be exactly true. This might cause some additional difference between the model and the experimental results.
The experimentally observed dependence of the maximum bubble expansion diameter on the gap thickness is in good agreement with the theoretical predictions as shown in Fig 5(b) . The experimentally observed dependence of the bubble oscillation period on the gap size appear to be stronger than the theoretical prediction, with the oscillation period proportional to the fourth power the gap size, as shown in Fig. 5(c) . We believe that this deviation might be related to the limitations on the maximum air flow rate that the current experimental setup can support. A detailed investigation of this topic is currently underway. Similarly, the experimentally observed dependence of the bubble oscillation period on the inlet cross-sectional area has the same qualitative behavior as the theoretical prediction, but differs from it numerically, see Fig. 5(a) . Again, we believe that this deviation might be caused by the air supply limitations mentioned above.
Dielectric fluids with a wide range of viscosities such as air, water, and hexane, have been tested in this work. The increase in the viscosity of the dielectric fluid leads to dramatic decrease in the bubble oscillation frequency. Thus the replacement of air (dynamic viscosity of 0.019 cP) by water (dynamic viscosity of 0.9 cP) results in the change of the oscillation frequency by over an order of magnitude, from 300 Hz for air to 17 Hz for water. A more detailed experimental investigation of the dependence of the bubble dynamics on the geometry of the system and the materials involved is currently underway and the results will be published elsewhere.
The power output of the bubbler can be predicted by analyzing the electrical circuit shown in Fig. 2(c) . The circuit behavior is described by the following equation:
where Q is the charge on the electrode, R is the load impedance, C is the time-dependent capacitance of the mercury-electrode interface, C 0 is the capacitance of the mercury-electrode interface per unit area, V is the bias voltage, and t is time. The capacitance of the mercury-electrode interface is AC 0 , where A is the area of contact between the mercury and the electrode, see ref.
2 for a more detailed discussion. In the current work the value of C 0 was about 0.84 nF mm −2 . The area A oscillates between zero and the electrode area as the result of the periodic bubble growth and collapse process. The dependence of area A on time t was obtained from the CFD model as discussed above. The resulting function A(t) was substituted in equation (1) and the solutions for the time-dependent charge Q(t) and the electrical current I(t) = dQ/ dt were obtained by numerically solving equation (1) . The typical results for the current I(t) and the generated power P(t) = RI 2 for the bias voltage of 4.5 V are shown in Fig. 7(a,b) . The energy produced by the bubble during one oscillation was obtained by integrating P(t) over one oscillation period. The obtained results for the maximum peak power density at 4.5 V bias voltage were about 80 Wm −2 and the energy density per one oscillation was 16 mJm −2 , which is consistent with the previously demonstrated REWOD results shown in Fig. 1(c) .
In order to experimentally investigate the REWOD-based energy generation process the electrode and the mercury were connected to a constant bias voltage source (i.e. electrochemical battery) and the voltage induced across the load resistor during bubble self-oscillation was measured as a function of time. The electrodes were produced out of tantalum, which was selected because of superior properties of its anodic oxide, most notably a high dielectric constant equal to 25 and a high breakdown electric field [4] [5] [6] [7] . The tantalum film was deposited on both sides of the quartz REWOD chip in order to bridge the laser drilled air inlet hole through the chip and provide an electrical connection between the back side of the chip and a circular REWOD electrode on the front side of the chip. Tantalum electrode was then anodized to obtain a 200 nm thick tantalum pentoxide film covering the electrode. On top of the tantalum pentoxide a 6 nm layer of Cytop fluoropolymer was deposited using spin coating. A detailed description of the bubbler device fabrication is given in the Methods section below.
The typical results for the current flowing across the load resistor during the bubbler operation are shown in Fig. 7(c-f) for 4.5 V and 3.0 V bias voltages. As expected, the bubble growth and collapse induces spikes of current. It is quite clear that there is a good quantitative agreement between the experimentally obtained dependence of electrical current on time, which is shown in Fig. 7(c) and the theoretically predicted curves, which are shown in Fig 7(a) . The observed random variation in the peak current values can be attributed to the same factor as variations in the light intensity peaks discussed above, i.e. random bobble footprint asymmetry.
The experimental areal power density plot is shown in Fig. 7(d) , and it is in good agreement with the theoretical prediction shown in Fig. 7(b) . The experimentally achieved peak power density at 4.5 V bias voltage is quite high and approaches 100 Wm oscillation was obtained by integrating P(t) over one oscillation period and is equal to about 13 nJ for the curve shown in Fig. 7(c) . By comparing this value with the viscous energy dissipation per cycle estimated from the modeling data (about 400 nJ) one can estimate the energy conversion efficiency of the current setup to be about 3.5%.
Discussion
The developed CFD model of the bubble self-oscillation process taken in conjunction with equation (1) can be used to predict the performance of the bubbler method under various conditions. As was already discussed above the bubbler power density can be further increased by increasing the bias voltage or further increasing the oscillation frequency. The predicted power densities for the higher frequencies and higher bias voltages than those used in the experiment are shown in Fig. 8 . The data show that at bias voltages above 50 V and oscillation frequencies above 2 kHz the projected average power density can exceed 10 kWm
, which is an order of magnitude more than the maximum power density expected from the REWOD method alone 2 , i.e. without it being combined with the bubble self-oscillation process. The maximum power that can be experimentally obtained using the bubbler approach is likely to be below the theoretical predictions, with the dielectric film quality and its electrical breakdown stress likely to be the main limiting factors. This topic is the subject of the ongoing research and the results will be published elsewhere.
The ability to achieve high power densities makes compact energy harvesting devices with the power output on the level of several watts quite feasible. In particular, the footwear embedded harvester device discussed above and shown in Fig. 3 is designed to operate at 30 V bias voltage and the bubble self-oscillation frequency of 2 kHz. The device incorporates a 40 mm × 40 mm size REWOD chip which carries an array of 800 electrodes with 1 mm diameter and with the total area of 628 mm 2 . The results shown in Fig. 8(b) can be used to estimate the expected average power output of the harvester as about 1 Watt, based on 0.25 s heel strike duration and one step per second walking cadence.
In summary, we have proposed and experimentally demonstrated the "bubbler" -a novel approach to direct conversion of mechanical energy into electrical energy. The main advantage of the bubbler approach is its ability to combine a high frequency self-oscillation process, naturally occurring during the air bubble growth and collapse, with the REWOD-based energy conversion process, which is capable of producing large quantities of energy per each oscillation. This allows one to maximize the produced power, which is proportional to the product of the oscillation frequency and the energy produced during each oscillation. Experimentally obtained power density was about 100 Wm −2 , and theoretical estimates show that power densities in excess of 10 kWm −2 can be expected under the right conditions. The bubble self-oscillation occurs naturally as long as there is an external pressure applied to the device thus allowing effective coupling of the device to mechanical energy sources possessing a wide range of forces, displacements, and frequencies. The simplicity and flexibility of the bubbler approach makes it particularly suitable for the energy harvesting applications, especially for cases where direct coupling to low-frequency, high-force mechanical energy sources, such as human, machine, or buildings motion is desired. We hope that this novel approach will lead to the development of a broad range of REWOD-based energy harvesting devices.
Methods
Fabrication of REWOD chip. The REWOD chips were fabricated using a 300 μ m thick 2 inch diameter quartz wafer acquired from University Wafer, USA. The wafer was diced into 10 mm by 10 mm square chips. At the center of each sample a 160 μ m diameter hole was fabricated by using laser drilling (performed by K Jet Laser Technologies, INC, Taiwan). A 1 μ m thick Ta layer was sputter deposited on both sides of the chip using a shadow mask to define the pattern. The Ta layer was deposited using a CVC 601 Sputter System with a power of 1.0 kW. The Ta layer was also deposited Experimental Setup. Figure 10 shows a blow-up view of the bubbler experimental setup. The bubbler is composed of three housing plates, a membrane, a REWOD chip and several electrical connectors. A CNC milling machine was used to make the housing plates, and the mixed cellulose ester (MCE) membrane with the pore size of about 8 μ m was obtained from Sterlitech Corporation, USA. The thickness of the gap between the membrane and the REWOD chip varied from about 100 μ m to 200 μ m, and the inlet pressure required to initiate the bubble growth process was about 0.05 bar. A 0.877 MΩ resistor was used as a load. Stainless steel rods were selected as the electrical connection material because of their chemical stability in mercury, which was used as the conductive liquid in this experimental setup. 
